compared to the magnetic systems. Commercially available optical neuronavigation systems include StealthStation© (Medtronic, USA) and Vector Vision©cranial (BrainLab, Germany). The technique in which an operator freely moves tracked surgical instruments is referred to as a free-hand navigation. Although image-guidance combined with a preoperative planning allows a better spatial orientation through the position feedback, the positioning accuracy is restrained by human factors, such as hand-eye coordination. For some deep brain targeting applications requiring high precision, frame-based stereotaxy is still preferred to free-hand image-guidance (Spivak and Pirouzmand 2005) . An alternative approach is to use a robotic system, providing a high spatial accuracy, an ability to perform time-lasting repetitive movements, and high movement predictability (Nathoo 2005) . In recent years, research efforts have been made to introduce robotic systems in the neurosurgical practice (Bai et al. 2001 , Federspil et al. 2003 , Federspil and Plinkert 2004 , Handini et al. 2004 ).
Motivation -CRANIO System for Robot and Computer Aided Neurosurgery
Osseous tumors of the calvaria are rare diseases presented with various histological and imaging findings (Arana 2004 . The majority of calvarial tumors encountered in the field of neurosurgery are either meningiomas or metastases. They are usually treated by a total or subtotal recision followed by a removal of the tumorous tissue. The CRANIO system for computer and robot assisted craniectomy ) is being developed for the surgical treatment of patients suffering from calvarial tumors, accompanied by preoperative design and manufacturing of individual implants for immediate cranial reconstruction, also called cranioplasty . Clinical motivation for the robotic craniectomy (removal of a cranial tumor) is twofold:
• A robotic removal of the cancerous bone is significantly more time-efficient than manual procedures. Laboratory experiments showed 50%-70% milling time reduction in comparison to the manual micro-milling (Bast et al. 2003) . This might lead to a decrease in operating time with benefits to patient's health and cost reduction. Furthermore, the operating surgeon is relieved from a tenacious instrument holding.
• In order to preoperatively manufacture an individual implant and perform cranioplasty immediately following a tumor ablation, the resection geometry has to be known prior to the operation and has to be accurately reproduced during the operation. Free-hand neurosurgical milling, even with a navigational help, cannot meet the accuracy requirements. To achieve these objectives, all aspects of the computer aided surgery have to be addressed: segmentation , resection planning, milling path generation and simulation (Popovic et al. 2003) , implant planning and manufacturing , intraoperative navigation and robot control (Popovic et al. 2003, See Figure 1 ). Intraoperatively, a geometrical relation between patient's physical space and preoperative data (e.g. the resection path in coordinate system of the CT scanner) has to be established in the process of an intraoperative registration (see section 2.3.1). Accuracy of execution of the preoperative plan intraoperatively depends on three factors: 1. Patient registration accuracy, i.e. transformation accuracy of the planed milling path from the coordinate system of the model data to the in situ coordinate system of the patient.
2. Robot registration accuracy, i.e. transformation accuracy of the planed milling path from the coordinate system of patient to the robot coordinate system. 3. Robot accuracy, i.e. the positioning accuracy of the robot. Due to the mechanical precision and reproducibility of the robotic system, the patient registration is the most accuracy-critical part of the system. Apart from accuracy requirements, time efficiency, reliability and intuitiveness of the registration process are crucial for application of the system in clinical routine. The problem of simultaneous accuracy improvement and invasiveness reduction can be solved using A-Mode Ultrasound (AUS) based registration. 
Registration algorithms
The process of patient registration involves finding a transformation relating the patient's physical space with the coordinate system(s) of preoperative and/or intraoperative acquired images. The registration procedure is an optimization method searching for an optimal transformation between the points in patient's physical space, i.e. measurement points and points in image space, i.e. data points
. Therefore, the transformation is represented as: 
where R is a 3x3 rotation matrix and t is a 3x1 translation vector.
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Point based registration
Point based registration refers to problems of finding a transformation between two coordinate systems using pairs of points in both systems, i.e. if the number of measurement and data points is the same and there exists a unique correspondence between the points. Those points are referred to as homologous markers to point out pair wise point correspondence. In a general case, the transformation may include a scaling. However, since the goal of registration for neurosurgical navigation is a registration between the images and the patient's space for the same patient, a linear, rigid transformation is assumed. Point based registration is an instance of the orthogonal Procrustes optimization problem. As mentioned above, the objective is to minimize the transformation error. A first step is to replace the points with their demeaned values:
The demeaned measurement and data points can be arranged in two NxD matrices, M and D respectively, N being the number of points and D being the dimension of data. The DxD correlation matrix:
represents the goodness of prediction of the data points from the measurement points. Using the Singular Value Decomposition (SVD), the matrix K can be represented as:
Where U and V are DxD orthogonal matrices and Σ is a DxD diagonal matrix. Finally, the rotation matrix representing a rotation of measurement points in the coordinate system of the data points is: ,
The translation is computed as a vector of distance between centres of mass of measurement and data points: If the number of points is three (N=3), the SVD is uniquely defined. For N>3, the system is over-defined and the singular value decomposition is not a trivial task.
Surface based registration
Surface based registration uses a surface representation of at least one of the initial sets (measurement or data points). In the neurosurgical registration with CT images, a natural way to represent data points is a bone surface extracted from the 3D-CT images of the patient. Intraoperativelly, using the A-mode US probe, a significantly fewer number of bone surface points can be obtained. Therefore, the surface registration problem for this application is de facto a surface to points matching. The iterative closest point (ICP) is a widely used algorithm for this kind of matching issues. The ICP was proposed by Besl and McKey for the registration of 3D shapes (Besl and McKey 1992) . The algorithm works with different surface representations. For this application, a point set surface representation is assumed. The ICP is an iterative procedure with two phases: detection of closest point on the surface and least squares registration. If D is a bone surface from CT images, the closest point from a measurement point m i is:
where T 0 is an initial transformation. As the result, N pairs of associated points {m i ,d i } are obtained, where N is the number of measurement points. Afterwards, a point based least squares registration is performed, as described in section 3.1. The iterations are repeated until one of the following conditions is met: a convergence is reached or the number of iterations exceeded the predefined maximal iterations number. An obvious advantage of the ICP algorithm is that a correspondence between the measurement and the data points is computed. This is a particularly important issue influencing total registration time in the operating theatre. Therefore, if the ICP algorithm is used, the number of points (N) can be significantly higher than in the case of point based matching.
Registration errors
The goal of the registration is to find an optimal transformation T, such that the transformation error between the two coordinate systems is minimal. In an ideal case, a transformation maps the measurement points exactly to the data points. Otherwise, the registration error is:
This error is usually referred to as the Fiducial Registration Error (FRE). For the most clinical applications, a more relevant error is the Target Registration Error (TRE) showing the error in remote surgical target points. The TRE depends on FRE and on the position of a target in relation to the data points. According to the statistical analysis from (Fitzpatrick 1998) , TRE is proportional to the distance between the target point and the principal axis of the points and reverse-proportional to distance between the fiducial points and their axes. From these considerations, heuristics considering selection of the points can be drawn. The configuration of fiducials should follow a regular pattern with isometric axes, e.g. a tetrahedron, in order to avoid a large deviance between the target and the principal axes. This conclusion can be applied to both Procrustes point based registration and ICP surface based registration. In further text, as the registration error, TRE will be assumed.
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Registration techniques
The essential factor influencing accuracy of a neuronavigational system is the type and the position of the used markers. Implantable bone screws (BS) offer high precision, since their identification in CT-images and operating site is trivial. However, this approach implies significant additional efforts for the clinical team concerning the clinical work flow (including an additional operation and anaesthesia) as well as discomfort for the patients, skull or skin infection including postoperative pain. Adhesive skin markers (SM) are a more convenient alternative and are widely used (overview in Steinmeier et al. 2000 and Bernardete et al. 2001) , although they induce a decreased accuracy through the skin shift, especially due to the immobilization of the patient with a clamp (Wolfberger et al. 2002) . Furthermore, the placement of both types of markers requires trained personnel and partial shaving of the patient. (Wolfsberger et al. 2002) proposed a set of anatomical landmarks (AL) for point to point registration, and reported an error of 3.2 ± 1.1mm using five anatomical landmarks. In contrast, surface based methods may be inaccurate as far as registration is restricted to the very limited bone surface area of the surgical approach. Using a transcutaneous A-mode ultrasound (US) registration of anatomic landmarks and surface areas underneath the soft tissue may be a solution overcoming displacement problems without increasing the invasiveness (Mauerer 1999 et al., Heger et al. 2005 . Furthermore, the ultrasonic registration avoids the need for the preoperative segmentation of the markers. The approach to achieve a time efficient and robust registration by a combination of an optimized man-machineinteraction strategy, signal processing and different registration techniques has been reported in detail in (Heger et al. 2005) . Its application in skull surgery is presented here. A clinical protocol is developed for US-based registration, namely concerning the selection of adequate numbers and positions of points to be palpated. • Mode II (a) Point based registration with anatomical landmarks, followed by (b) Surface-based registration, directly on the bone surface • Mode III Point based registration with anatomic landmarks, followed by transcutaneous surfacebased matching, using the US probe Surface-based registration (IIb) is done by palpating points in skull convexity and facial structures and fitting them to the 3D model obtained from CT imaging study of the patient. Surface based registration is done using a pre-registration with anatomical landmarks followed by the ICP algorithm. Combining the ICP algorithm with different registration techniques (SM or BS) would not address the issue of invasiveness reduction and is therefore omitted. For AL registration, using both previous experience and guidelines from the literature (Wolfsberger et al. 2002) , following anatomical landmarks are used: the most posterior point in the root of the nose, the most anterior point at the nose tip, and the most anterior part of frontozygomatic suture (left and right). Surface palpated points were defined as follows: three lateral left, three lateral right, four on the frontal skull convexity, four on the forehead, and four periorbital, summing up to total 18 surface points for the ICP algorithm. The palpation protocol is shown in Figure 3 . A limiting factor for the selection of palpation surfaces is patient fixation in a Mayfield-clamp. A pre-evaluation of standard fixation techniques and postures has been performed prior to the registration trials, in order to detect unapproachable structures. This analysis resulted in a palpation protocol excluding posterior and caudal cranium. Furthermore, although highly distinctive, the jaws were omitted, since the jaws are normally not scanned in a standard radiological protocol for neurosurgery.
Experimental setup
The registration approaches described in section 4 have been evaluated in three settings: The setup for the laboratory phantom trials is shown in Figure 3 . The phantom was equipped with six adhesive skin markers, using the same placement procedure as in a standard neurosurgical patient preparation at Clinic for Neurosurgery, Ruhr-University Bochum. Three sets of four bone markers have been implanted for Mode Ia registration. Additional ten spherical bone markers (ø 4mm) served as the Ground Truth. The phantom skull was fixed in a standard Mayfield-clamp. The cadaver skull was prepared with similar sets of four bone markers, implanted prior to the scanning (Figure 4 ). The same markers have been used for both, fiducial point based registration and ground truth, due to difficulties to implement further markers. Adhesive skin markers have been omitted for the reasons given in the further text. The cadaver skull was fixed in the Mayfield-clamp. For the clinical trials, a standard clinical procedure was utilized ( Figure 5 ). Registration tests have been performed prior to intervention, after patient fixation and before sterilization, without interfering with the standard procedure.
Figure 5. A clinical trial set-up
For all trials, the same radiological protocol has been used: slice thickness = 2 mm, slice distance 2 mm, pixel size 0.42 mm.
Ground Truth
In order to evaluate the registration accuracy, titanium bone markers have been used. Due to a high contrast between the markers and the bone and high Hounsfield values of titanium, an automatic segmentation of titanium spheres is a trivial task. It was followed by an automatic sphere clustering and detection of centre of mass (i.e. geometrical centre) of each bone marker in the coordinate system of the CT scanner. Centre of each spherical marker is g i CT .
After the registration, a transformation T R , which maps points from the patient space to the coordinate system of the CT scanner, is obtained. The position of markers in patient's space coordinate system (g i P ) can be detection with a pointer, as described in 5.4. Therefore, the TRE in the i-th marker is: 
Plausibility test
Due to ethical reasons, to avoid discomfort to patients, no bone markers have been implanted for the clinical trials. In absence of fiducial bone markers, an alternative accuracy test (plausibility test) was performed. After a registration, bone surface points have been transcutaneously digitized at five uniformly distributed locations (Figure 6 ) using the US probe and subsequently have been transformed into the coordinate system of the CT dataset. The error was computed as the shortest distance to the closest point on the surface of the 3D model. This kind of error cannot account for different displacements of the transformation. However, the plausibility test might indicate a large registration error.
Ultrasound system
A-Mode ultrasound systems in general utilize single element transducers using a single channel pulser and receiver. The most common scanning method used for medical applications is the pulse-echo technique. Short pulses are sent into the tissue; a reflection profile, due to interfaces or small scatters, is received usually by the same transducer element. After amplification and digitization, the recorded A-Line can be further processed and analyzed. Interfaces are characterized by different acoustic impedance values, e.g. between bone and soft tissue. For a transcutaneous US-based registration, the objective is to detect a bone-soft tissue (skin) interface, in order to transcutaneously digitize the skull surface. The reflectivity of field intensity in case of the bone and soft tissue, assuming perpendicular sound incidence, is about 45%. The distance between a transducer and a bone layer is calculated as d = ½ t·v, where t is the delay of the US wave propagation through the tissue and v is sound velocity in soft tissue (1450-1630 m/s (Heger et al. 2005) ). In this study a 5 MHz, non-focused, heavily damped transducer with 5 mm element size is used. Based on the wavelength in water the measured focal distance for pulse excitation is approximately 17 mm. The nominal -6dB beam width of the focus area is 1.2 mm, which is equal to the theoretical lateral resolution. A portable pulser/receiver hardware including analog to digital conversion (USLT 2000, Krautkramer, Germany) is used for the signal generation and basic signal processing (band pass filtering, signal amplification). A special autoclavable forerun is used to adapt the probe's working range to the typical thickness of skin tissue (Fig. 7) . In order to receive a reliable ultrasound echo reflected at the bone tissue interface the beam axis of the transducer element has to be approximately perpendicular to the reflecting surface area. However, due to non-invasive palpation it is not possible for the user to see the local bone surface. Therefore, a perpendicular alignment of the ultrasound probe conventionally is difficult and time consuming, as reported by (Maurer 1999) . For this reason a computer based guiding tool and a man-machine interaction algorithm has been developed to support the interactive alignment of the ultrasound transducer (Heger 2005) . In order to simulate the intraoperative situation during the US registration on the phantom, i.e. the presence of the skin tissue, a piece of fresh meat is used to uncouple the probes' forerun and the phantom surface. In cadaver and patient studies, the forerun was applied directly to skin surface. The US probe was tracked using a 6-DOF optical tracking system.
Tracking system
A NDI Polaris System® for 6-DOF optical tracking of passive wireless rigid bodies has been used in a standard pyramid volume. Four different tools have been tracked: US probe, a pointed tool for AL, SM and surface-based registration, a Dynamic Reference Base (DRB) fixated at the Mayfield-clamp providing a dynamic coordinate system and allowing movement of the clamp during the registration, and a tool with a spherical tool-tip (ø 4mm) pivoted to the centre of the sphere, used for the Ground Truth. The rigid bodies have been equipped with at least four reflecting spheres. The rigid body at the US probe was optically pivoted to the surface of US transducer, along the central line of the probe. The probe with the rigid body is shown in Figure 7 .
Results
Accuracy
For each mode in the phantom study, fifteen consecutive registrations were performed to assess the accuracy and robustness of the registration method. Each accuracy test was done by palpating ten accuracy markers. The mean accuracy is computed as follows: Table 2 . Accuracy values achieved in the phantom trial for different registration modes Figure 8 . Box-Whisker-plot of four cadaver trials. A pre-registration with anatomical landmarks (AL) is refined with an US surface-based registration
The accuracy using the adhesive skin markers in the phantom study (Table 2 , column Ib) was significantly worse than surface-based registration (Table 2 , columns IIb and III). Cadaver study is performed in modes Ia, IIa and III. A viable assumption is that accuracy of SM would decline if a cadaver is used, due to the presence of displaceable skin. Therefore, registration with SM in the cadaver study was omitted. Accuracy in mode Ia was similar as in the phantom study (TRE m = 0.51, TRE SD =0.18, TRE max = 0.97, and TRE min = 0.26). Results of AL and US-based registration for four cadaver trials are shown in Figure 8 . It is important to notice that a pair of AL and US registration is subsequently performed (AL registration is used as a pre-registration for US surface-based matching). The US part of the plot is repeated in Figure 9 with a better resolution in y-axis. Figure 9 . Box-Whisker-plot (quartiles) for four cadaver trials with A-mode US surface based registration
As mention before, in patient studies (three trials) the ground truth was not available, due to invasiveness of bone implantable markers. Therefore, a plausibility test, as described by the protocol in section 5.2 has been performed (Table 3) . In order to analyse the results of the plausibility test, the Figure 10 shows a relation of accuracy and plausibility in the cadaver study. Figure 10 . Relation between the plausibility and the accuracy in four cadaver trials
Time efficiency
The overall mean registration time using A-mode ultrasound (mean = 389s, SD 63s) is acceptable and smaller then the ones reported in the literature (15 min, Maurer 1999). The pre-registration with anatomical landmarks is less time critical (Figure 11 ) since it does not involve the US probe orientation. The ideal probe orientation is estimated from the 3D-CT model. During a registration, the user is supported with a graphical interface (Figure 12) showing an angular position of the probe to the surface normal vector. The majority of the time needed for US cadaver registration was spent for palpating the periorbital areas, due to significantly stiffer formalin-fixated soft tissue.
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Discussion
The laboratory phantom tests have shown a significant correlation in error results between direct surface palpation and US-based registration indicating that the latter can be used in cases when direct palpation is not possible, e.g. in the presence of skin. The main limitation of surface based registration in neurosurgery is that only a small portion of bone is exposed during the operation. Therefore, the distribution of points can not follow a defined pattern, as described in section 2. The A-mode US transcutaneous registration offers two major improvements: palpation of a pervasive area of the skull surface and registration prior to sterilization (prior to skin opening). In comparison with anatomical landmarks, US-based surface registration has shown a significantly better accuracy (1.37±0.51 mm vs. 2.78±1.20 mm). The result of AL registration was similar to those previously reported (e.g. (Wolfsberger et al. 2002) ). Registration with adhesive skin markers has also shown poorer accuracy than US registration. As expected, registration with bone markers has shown an excellent accuracy in the range of CT pixel size (0.58±0.23 mm), but, as discussed previously, this technique requires an additional intervention prior to the surgery causing discomfort, possible skull infection and postoperative pain as well as additional costs. Cadaver trials have shown a similar output as the phantom study. A significant improvement of the registration accuracy, if an US-based surface registration is used subsequently to AL registration, is shown (Figure 8 ). It is interesting to notice that the AL pre-registration accuracy is not significantly influencing the final result. For example, the worst AL registration accuracy has been observed in Trial 3. However, the final accuracy resulting from US surface-based matching, has shown the best performance in comparison with other trials. These results suggest that moderate pre-registration might be sufficient. However, a precaution in defining the palpation protocol should be taken, due to the local nature of the ICP algorithm. Accuracy of the cadaver US-registration study has shown a promising mean and minimal values (1.97 and 0.63 mm, respectively) with a strong standard deviation and poor maximal value (1.76 and 4.78 mm, respectively). These results indicate that an acceptable registration with US-based technique is feasible; however, it should be done with a great care. A reason for inaccuracies in the cadaver study is an unusual ultrasound signal damping in the formalin-fixated soft tissue. Signal processing algorithms have been previously trained and tested on the normal tissue. Due to lack of bone markers posing the ground truth, accuracy in patient studies could not have been assessed. The plausibility test was used as an indicator of registration goodness rather than an accuracy test. As Figure 10 indicates, there is a large discrepancy between the plausibility and accuracy. Therefore, although widely used, plausibility is of a questionable validity. The overall mean registration time using A-mode ultrasound (mean = 389s, SD 63s) appear to be tolerable and smaller than the ones reported in the literature. The computer assisted alignment tool provides efficient support for US-based registration in cranial surgery. In vivo tests of US signal detection in regions where palpation was intended were more successful then in cadaver test, due to the stiffness of formalin-fixated soft tissue. Therefore, the majority of the time needed for US cadaver registration was spent for palpating the periorbital areas.
Conclusions and Further Work
In the first part of this chapter, theoretical background and practical considerations for the rigid registration of a patient dataset and a patient space in the operating theatre are given. Based on these, a surface palpation protocol has been developed and evaluated in three trials: phantom, cadaver and patient study. The results have shown that A-mode US surface-based registration has a potential to be used in the clinical practice, due to its non-invasive nature and a better accuracy in comparison with other low invasive techniques (skin markers and anatomical landmarks). A user interface for computer guided probe orientation has shown time efficiency improvement, reducing total registration time to below seven minutes. The major issue that needs to be address in the future is accuracy. Although registrations with acceptable accuracies have been demonstrated, the robustness remains questionable. It was shown that pre-registration plays a minor role in the overall accuracy. Therefore, the future work should focus on improving the palpation protocol and surface matching algorithms. Random ICP algorithm has shown promising results in both phantom and www.intechopen.com cadaver studies (Fieten et al. 2007 ). Furthermore, further development of the US signal processing is necessary to account for unusual tissue composition. The registration techniques presented herein have been used in the CRANIO-System tests , Popovic et al. CARS 2007 
